Two-dimensional (2-D) numerical simulation and habitat suitability curves for brown trout in the Lima River in northern Portugal were used to predict the velocity suitability index (VSI) for various fish shelter configurations. The modeling results were plotted against fish frequentation rates obtained by Ribi et al. (2014) for juvenile brown trout captured in the Tannenbach River on the Swiss Plateau, and tested in an artificial flume equipped with a lateral embayment. New shelter configurations were analyzed numerically to assess habitat availability for juvenile and adult Lima River trout. Good agreement was achieved between the experimental results and the hydrodynamic simulation results, highlighting similarities between the preferences of brown trout from different regions. The obstacle shape and its placement at the shelter entrance greatly influence the habitat availability. The results of this study include an easy-to-use method to assist water managers in selecting appropriate fish shelter configurations to optimize habitat availability.
Introduction
Hydropeaking is a term widely used to express extreme and short-duration discharge fluctuations during daily peaks of energy demand, which severely affect aquatic ecosystems. Numerous studies have reported on the adverse impacts of hydropower operations on the ecological conditions of rivers, particularly on fish populations (e.g., Santos et al. 2006; Scruton et al. 2008; Jones 2014) .
Hydroelectricity is a green and renewable energy source that produces low amounts of greenhouse gases.
Because of the formidable challenges posed by climate change, hydropower production is expected to increase in the future (Sawin & Martinot 2010) .
Alterations in channel morphology, water depth, velocity distribution, substrate composition, suspended matter, temperature, habitat structure, and heterogeneity are expected to occur in river streams downstream of hydropower plants (Nagrodski et al. 2012) . These impacts may affect fish biota directly (e.g., stranding, habitat abandonment, downstream displacement, reduced spawning, and obstructed migration) (Young et al. 2011) or indirectly (e.g., habitat characteristics, increased physiological stress, depleted food production) (Boavida et al. 2015) . Over time, habitat availability will tend to diminish, interfering with population sustainability (Young et al. 2011 ). However, fish movement during peak flows is a critical and largely unstudied aspect of the ecological consequences of hydropeaking (Jones 2014) . The majority of studies on hydropeaking impact have focused on fish stranding (e.g., Young et al. 2011; Nagrodski et al. 2012) . A limited number of studies have examined the impact of hydropeaking on non-stranded fish, such as downstream displacement (Young et al. 2011) , and have focused predominantly on fish reaction to discharge alterations, without proposing any measures to reduce these impacts.
Structural and operational measures may be developed to overcome these problems. Operational measures related to hydropower plant operation procedures aim to decrease the peak flow, flow changing rate, and water level variation rate. Structural measures are related to changes in the morphological conditions of the river bed and are developed for the purpose of improving habitat availability (e.g., improving variability, creating refuge areas). The mitigation measure mentioned by several researchers as being most promising is the creation of fish shelters (Vehanen et al., 2000; Person et al. 2013; Ribi et al. D r a f t 4 to an urgent need to overcome the problem by generating quantitative information on the impacts of fish shelters on species and promoting structural measures aimed at the success of fish populations.
Isolating and controlling the variables associated with hydropeaking can be tricky tasks. Flow variation is a natural phenomenon that makes field experiments and case study applications difficult. In many cases, the effects of normal river regulation overlap with those of hydropeaking. Combining experimental work and a habitat hydrodynamic model can be a powerful way to examine and quantify the impact of hydropeaking on fish habitats because it makes it possible to study the interactions between river flow and hydraulic patterns on a microhabitat scale (Ghanem et al. 1996; Crowder & Diplas 2000) .
This study was conducted to propose the velocity suitability index (VSI) for use in simplifying the assessment of fish preferences for certain shelter configurations and validating such preferences. The VSI is based on habitat suitability curves (HSCs) and on velocity fields determined using a 2-D hydrodynamic model.
To validate the proposed index, the results obtained by integrating the 2-D hydrodynamic model with HSCs developed for juvenile brown trout in the Lima River in northern Portugal were compared with fish frequentation rates for brown trout in the Tannenbach River on the Swiss Plateau determined by Ribi et al. (2014) for various types of shelters in an artificial channel. New fish shelter configurations were developed, and the corresponding index was computed to assess its adequacy with respect to fish preferences. The goals of the present research were to gather useful knowledge and derive methods for use in solving complex river management issues arising from hydropeaking regimes downstream of hydropower plants and to serve as basis for promoting the use of fish shelters in river reaches subject to hydropeaking regimes.
Materials and Methods

Laboratory experiments
In a flume equipped with a lateral refuge (Figure 1) , Ribi et al. (2014) performed several experiments to identify the optimum shelter configuration for attracting fish. The rectangular flume was 12 m long and 1.2 m wide, and the fish shelter, which was 2 m long and 1.2 m wide, was located in the right bank. The flume bed was lined with a mixture of two thirds rounded medium gravel (16-32 mm) and one third coarser gravel (30-60 mm).
Twelve shelter configurations with different attracting structures at the refuge entrance were tested for the purpose of creating favorable velocity patterns for fish that would attract them to the shelter ( Figure   2 ). Ribi et al. 2014 used two main geometric features to test shelter effectiveness: a vertical wall along the water depth (C1 to C6, C9 and C10) and a triangular structure with an island-type geometry (C7, C8, and C11). A basic configuration, with no obstacle, was also tested and served as the control situation. Wild brown trout (Salmo trutta fario) caught in the Tannenbach River on the Swiss Plateau were used in the experiments (Ribi et al. 2014) . 
Biological data analysis
Habitat suitability curves determined for brown trout (Salmo trutta) in the Lima River (Cortes and Ferreira 2000) were used to simulate the habitat availability in the shelter. The Lima River is located in northwestern Portugal. The fish fauna of the river is characterized by a combination of cyprinid and salmonid populations. The predominant species are Iberian barbel (Luciobarbus bocagei) and brown trout (Salmo trutta). The latter can be found in abundance in lower-Strahler-order streams. Other species, such as the European eel (Anguilla Anguilla), occur sparsely and in small numbers. The habitat preferences of the trout were previously determined from data from reference sites in the region (Cortes & Ferreira 2000) . HSCs were developed for both the juvenile and adult life stages over two periods: winter-spring (WS) and summer-autumn (SA) (Figure 3 ).
The habitat suitability index (HSI) is a function of the HSC that represents the degree of preference displayed by fish with respect to the abiotic variables of depth, velocity, substrate, and/or cover. The HSI is a component of a data-driven approach to analyzing habitat preference that describes the frequency with which an individual of a specific species or life-stage occupies a microhabitat, compared to the D r a f t 6 relative frequency of that microhabitat in the environment (Bovee et al. 1998; Scruton et al. 1998; Lamouroux et al. 1999; Ahmadi-Nedushan et al. 2006) . Microhabitat variables (depth, velocity, substrate and/or cover) are divided into classes, and histograms of frequency of use and availability are constructed.
The HSI is calculated as the ratio of proportional use to availability, normalized with respect to the maximum suitability value so that the minimum and maximum values are 0 and 1, respectively.
Hydrodynamic and habitat modeling
The River2D Habitat simulations were undertaken by combining the HSCs of brown trout juveniles and adults based on known biological preference data for depth, velocity, and substrate with the River2D velocity outputs to calculate the Velocity Suitability Index (VSI) (Stalnaker et al. 1995) .
The VSI values for the new shelter configurations were determined for the WS and SA periods for both the juvenile and adult trout life stages. In the configurations (C) tested by Ribi et al. (2014) , VSI was determined only for the juvenile life stage and the WS period.
Habitat simulations were performed for a restricted area in the flume (i.e., the area inside the shelter) that represented the different flow patterns for each shelter configuration. The remaining flume area was not considered because there was no flow pattern variation and thus no habitat condition change from one experiment to another. The VSI values obtained for juvenile brown trout and the WS period were then plotted against the fish frequentation rate in the shelter, as recorded by Ribi et al. (2014) .
D r a f t
New shelter configurations
Eleven shelter configurations were developed to improve habitat availability in the refuge. The new configurations were developed by changing the obstacle shape and position, taking into account the conclusions and major findings regarding the best fish shelter geometry achieved by Ribi et al. (2014) .
For the C8 configuration, two other shelter lengths were considered (i.e., C8A: 4 m; C8B: 6 m), while the geometry and position of the triangular attracting structure and the shelter width remained unchanged (Figure 4 ). Configurations NC1 to NC4 included an attracting triangular structure. Configurations NC5 to NC8 included a simple vertical wall along the water depth. Configuration NC9 was derived from the triangular structure by removing the downstream wall. Figure 5 shows the new configurations.
Results
In general, the adult brown trout tended to prefer higher velocities and greater depths in both periods For the juveniles, higher values were observed in the WS period than in the SA period; the opposite was true for the adults.
Discussion and Conclusions
A 2-D finite element model, combined with habitat suitability curves developed for brown trout in the Lima River, was used to predict the habitat availability for different types of attracting structures for rectangular lateral fish shelters. The modeling results were plotted against the fish frequentation rate obtained by Ribi et al. (2014) for wild juvenile brown trout captured in the Tannenbach River of the Swiss Plateau. Ribi et al. (2014) tested various fish shelter configurations in a straight channel equipped with a lateral embayment. New configurations were developed, and a 2-D hydrodynamic and habitat model was applied to assess habitat availability for each new shelter configuration for brown trout juveniles and adults from the Lima River.
For all the configurations tested by Ribi et al. (2014) , the attracting structure forced a significant amount of flow through the shelter, attracting fish into the area. They observed that juvenile brown trout could find the shelter rapidly as long as the water exchange between the shelter and channel was sufficiently high to attract them (Ribi et al. 2014) . When the fish headed into the shelter, the preferred D r a f t 9 flow path was in the shear zone, between the flow entrance and exit of the shelter, where the velocities were nearly zero (Ribi et al. 2014) . For the majority of the configurations, fish primarily entered the refuge downstream. Each configuration promoted a different flow pattern inside the shelter and at the downstream end of the channel. According to Ribi et al. (2014) , fish appeared to be attracted to low velocities in the shear flow zones where water entered and exited the refuge simultaneously. We hypothesize that once fish are inside a shelter, the pattern of velocities created inside the area determines whether the fish engage or not, as explained by the frequentation rates. This underscores the value of VSI as a metric for use in explaining fish preferences. The highest frequentation rate was related to the velocity pattern preferred by the juvenile brown trout. importance of developing site-specific habitat preferences, determined by local expert biologists, as the habitat requirements of species depend not only on their life stage but also on the river type (Jungwirth et al. 2000) . Therefore, the transferability of habitat preferences between rivers should be viewed with caution (e.g., Moyle and Baltz 1985; Orth 1987; Freeman et al. 1997) . The method employed in this research seemed to produce robust results, highlighting the similarity of the habitat preferences of brown trout from Switzerland and Portugal.
A large number of studies on habitat modeling have demonstrated the need to define habitat suitability based on species life stages (Copp 1992; Lamouroux et al. 1999) , because fish habitat use varies widely D r a f t by life sage. It is well known that large fish (i.e., adults) prefer deeper habitats with higher currents than their smaller conspecifics (e.g., Lamouroux et al. 1999) . Thus, studies on both juveniles and adults are required to cover the whole life cycle of a fish species. Furthermore, discrepancies in habitat preferences observed among life stages (Figure 4 -HSC) make it difficult to design a shelter with good habitat suitability for all individuals. The large trout from the Lima River seem to be better adapted to supporting higher velocities from mountain rivers, as well as greater depths, than their smaller conspecifics. In fact, several studies have reported that smaller fish are more susceptible to downstream displacement than larger fish (e.g., Heggenes 1988; Bell et al. 2001) , because of the latter's better swimming performance.
Moreover, this is consistent for both seasons (WS and SA). Therefore, in some cases, designing at least two shelter configurations, one for juveniles and the other for adults, might be a way to account for dissimilarities in habitat preferences. Furthermore, both juveniles and adults should be able to find their way to shelters easily. In some cases, velocity refuges might be more accessible to smaller-sized fish (Chun et al. 2011; Thompson et al. 2011) . These considerations underscore the need for parallel studies of the juvenile and adult life stages. Discrepancies in the seasonal timing of peak flow have been reported in other studies. For instance, Katzman et al. (2010) determined from laboratory experiments that juvenile coho salmon prefer faster currents during the springtime parr-smolt transformation.
For juvenile brown trout, the most attractive configurations considered in this study were C7, C8, C10, and C11, which is consistent with the findings of Ribi et al. (2014) for configurations C8 and C10.
According to Ribi et al. (2014) , configuration C8 produces more stable conditions that favor the presence of fish in the refuge, which is consistent with our findings, despite the small number of entries for the C8 configuration (which had an average of 2.7 entries per fish per test). For C8A and C8B, the VSI values were the same (≈ 0.73), despite the increase in the available wetted area. In both configurations (C8A and C8B), the shelter is elongated perpendicular to the channel, making a larger wetted area available for fish.
We opted to use the VSI variable to eliminate the influence of the wetted area and thereby facilitate comparisons between configurations (Boavida et al. 2014) . Nevertheless, as this example demonstrates, the use of this variable instead of the traditional weighted usable area (WUA) should be considered with caution.
Triangular structures (C7, C8, and C11) were found to provide the best habitat conditions, followed by the single-wall attracting structure shape (C3). Furthermore, a triangular configuration with its vertex pointing toward the interior of the refuge occupies less shelter space, creating more attractive flow D r a f t 11 conditions for the habitat of the aquatic organisms. In the experimental work, the least favorable configuration was C9 (with a VSI value of 0.66). According to the simulation results, only C6 had a lower VSI than C9. The latter only differed from C3 in the position of the single wall: in C9, the wall is located further upstream, creating a broader entrance for the shelter. As expected, the length of the obstacle influences the velocity distribution downstream of the shelter. However, it is important to optimize the obstacle length so that the velocity-specifically, the flume left bank-corresponds to high VSI values for the target species. An obstacle composed of a single wall in the shelter entrance has a higher VSI value when it is located upstream than when it is downstream, mainly because of the velocity values inside the shelter. This explains why configurations C4, C6, and C9 had lower VSI values, particularly inside the shelter.
The new configurations developed and modeled in the present research were based on analysis of the results presented by Ribi et al. (2014) . The best configurations for both life stages and periods were found to be NC1 and NC2, which have the same geometry, i.e., structures with island-type geometries, which are considered to be favorable in terms of stability and erosion resistance (Ribi et al. 2014) , and NC6 and NC8, which have single walls oriented in the same direction. The average VSI value for the triangularly shaped obstacle was higher than that for a single-wall obstacle ( Figure 13 ): all the configurations with triangular shapes had VSI values above 0.7.
When implementing lateral shelters in a natural reach, it is helpful to create conditions that are favorable for the establishment and growth of riparian vegetation and thus assist in stabilizing the shelter against higher discharge. The submerged habitat in the area will be rich in organic detritus and woody debris, providing additional habitat for other organisms (e.g., Tánago and Garcia de Jálon 2007; Boavida et al. 2010 ) that may provide food for fish, encouraging them to remain in the shelter.
Juvenile brown trout tend to prefer velocity shelters that also provide visual isolation and overhead cover, as reported in other studies (e.g., Vehanen et al. 2000) . On the other hand, shallow and lentic shorelines can also represent crucial habitats for the recruitment of riverine fishes, inasmuch as they can offer important feeding areas and refuge for predators (Copp & Jurajda 1999) and are likely to produce higher temperatures than those in the main river channel (Baras & Nindaba 1999) . The connectivity of shelters to the main river channel must be ensured through a variety of flows for their implementation to be successful. Furthermore, because of siltation concerns, the bottoms of shelters should be D r a f t approximately 1 m above the river bed. Moreover, during low-water conditions, a minimum water depth of 0.5 m should always cover the bottom of the refuge to avoid any stranding of aquatic organisms (Ribi et al. 2014 ). Fish shelter implementation should be followed by rigorous monitoring based on the specific ecological attributes of the river to assess whether the objectives of the implementation are being met.
The results of this study permit us to identify adequate configurations for lateral shelter attracting structures to promote the best habitat for species-specific life history stages and to assess whether it is worth constructing them. Adapted from Cortes and Ferreira (2000) . 
